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ABSTRACT.—In the last two decades, advances in computational imaging techniques and digital 8 
visualization have created novel avenues for the study of fossil organisms. As a result, paleontology 9 
has undergone a shift from the study of fossilized bones, teeth, and other hard-tissues to using virtual 10 
computer models to study specimens in greater detail, restore incomplete specimens, and perform 11 
biomechanical analyses. The rapidly increasing application of these techniques further paved the way 12 
for the digital reconstruction of soft-tissue structures, which are rarely preserved in the fossil record. 13 
In this contribution, different types of digital soft-tissue reconstructions are introduced and reviewed. 14 
Examples include methodological approaches for the reconstruction of musculature, endocranial 15 
components (i.e., brain, inner ear, neurovascular structures), and other soft-tissues (e.g., whole-body 16 
and life reconstructions). Digital techniques provide versatile tools for the reconstruction of soft-17 
tissues, but given the nature of fossil specimens some limitations and uncertainties remain. 18 
Nevertheless, digital reconstructions can provide new information, in particular if interpreted in a 19 
phylogenetically grounded framework. Combined with other digital analysis techniques, such as finite 20 
element analysis (FEA), multibody dynamics analysis (MDA) and computational fluid dynamics 21 
(CFD), soft-tissue reconstructions can be used to elucidate the paleobiology of extinct organisms and 22 
to test competing evolutionary hypotheses. 23 
 24 
INTRODUCTION 25 
 Fossils form the only physical evidence of extinct life and our knowledge of past 26 
organisms and ecosystems almost entirely depends on their presence and preservation. The 27 
vast majority of fossils consist of bones and teeth in vertebrates, biomineralized shells and 28 
exoskeletons in invertebrates, trace fossils, and other diagenetically persistent structures (i.e., 29 
spores, pollen) (Schopf, 1975). In contrast, soft-tissues are only rarely preserved in the fossil 30 
record. Although a few examples of exceptional preservation have allowed remarkably 31 
detailed insights into the soft-tissue anatomy of extinct vertebrates (Sasso and Signore, 1998; 32 
Trinajstic et al., 2007; Schweitzer, 2011), invertebrates (Butterfield, 2003; Sutton et al., 33 
2005), and plants (Gerrienne et al., 2006; Bernard et al., 2007), these cases generally form the 34 
exception rather than the rule (Allison and Briggs, 1993; Wilby and Briggs, 1997). However, 35 
detailed knowledge of soft-tissue structures is paramount to understanding the paleobiology 36 
of extinct organisms (Witmer, 1995): 1) Soft-tissues are responsible for a multitude of 37 
physiological functions, such as locomotion, breathing, or temperature regulation; 2) soft-38 
tissues can drastically change the appearance of an organism in comparison to its preserved 39 
hard parts; 3) soft-tissue characters can provide important phylogenetic information; and 4) 40 
soft-tissues control the development and shaping of hard-tissues. As paleontologists, we are 41 
therefore challenged with the reconstruction of such anatomical components, which have not 42 
been mineralized and preserved, in order to understand fossils as living, functioning 43 
organisms.  44 
As a consequence, soft-tissue reconstructions have a long history, in particular in 45 
vertebrate paleontology. Traditionally, the presence and arrangement of soft-tissues has been 46 
inferred on the basis of the preserved hard parts or in comparison with extant taxa, which 47 
form a phylogenetic bracket or a functional analogue (Bryant and Russell, 1992; Witmer, 48 
1995). In the past, such soft-tissue reconstructions have generally been performed in a 49 
theoretical framework and in the form of two-dimensional drawings and schematics. This 50 
includes, for example, the reconstruction of musculature in different vertebrates (Adams, 51 
1918; Romer, 1923; Miner, 1925; Barghusen, 1973; Sumida, 1989) and some invertebrate 52 
groups (Budd, 1998), pneumatic and pulmonary structures (Witmer, 1997; O’Connor, 2006), 53 
and other soft-tissues (Frey et al., 2003).  54 
 In recent years, the advent of novel computational techniques has dramatically 55 
changed the ways in which fossils can be studied and characterized (Cunningham et al., 56 
2014). First and foremost, computed tomography (CT) now allows new insights into fossils, 57 
and the identification and visualization of internal structures (Sutton, 2008). Functional 58 
analyses, such as finite element analysis (FEA), multibody dynamics analysis (MDA), or 59 
computational fluid dynamics (CFD), based on digital models of fossils provide the means 60 
for biomechanical studies and to quantify fossil function (Rayfield, 2007; Curtis, 2011; 61 
Rahman et al., 2015). Digital techniques further provide powerful tools to restore the hard-62 
tissue morphology of fossils and to remove taphonomic and preservational artefacts 63 
(Lautenschlager, 2012; Cunningham et al., 2014; Lautenschlager et al., 2014b). Similarly, the 64 
same methods have been used to reconstruct various soft-tissues in fossils (Fig. 1). However, 65 
as soft-tissue reconstructions rely greatly on the preserved hard-tissues, this approach has 66 
largely been restricted to vertebrate fossils in the past, but could easily be applied (with some 67 
limitations) to non-vertebrate fossils. This contribution provides an overview of existing 68 
examples of soft-tissue reconstructions and reviews applied techniques and methods. 69 
 70 
DEFINITIONS  71 
The popularity of digital methods to visualize and analyze fossils three-dimensionally has led 72 
to a variety of different terminologies – none of which, however, are clearly defined. As a 73 
result, the term “digital reconstruction” is often used ambiguously. This term has been used to 74 
describe the visualization of a physical specimen following its digitization; as such it is 75 
synonymous with the meaning of “digital representation” of the specimen, and the latter term 76 
is advocated here for this purpose. In contrast, digital reconstruction is used here in the 77 
context of recreating and visualizing anatomical structures, which are not preserved and 78 
directly observable. In addition, “digital restoration” is used as a further term to describe the 79 
process of removing preservational artefacts to restore the original morphology of a specimen 80 
as prior to fossilization. 81 
 82 
MUSCULATURE 83 
Examples 84 
 Muscles form an integral part of an animal's anatomy and play a fundamental role in 85 
feeding, locomotion, and other physiological activities. Unsurprisingly, numerous studies 86 
have focussed on the reconstruction of various parts of the musculature in fossils (e.g., Dilkes 87 
et al., 2012 and references therein) and the same is true for digital, three-dimensional 88 
reconstructions of musculoskeletal anatomy (Fig. 1A). The increased popularity of 89 
biomechanical modelling techniques, such as FEA or MDA, have further created demand and 90 
renewed interest in detailed and accurate muscle reconstructions to serve as input parameters 91 
for computational analyses (Bright, 2014). Driven by biomechanical studies, digital 92 
reconstructions have focussed mostly on the cranial jaw adductor musculature and the 93 
locomotory muscle complex in vertebrates.  94 
Digital reconstructions of the jaw adductor muscles have been created for different 95 
vertebrate groups, including dinosaurs (Lautenschlager, 2013; Button et al., 2014; Cuff and 96 
Rayfield, 2015), pliosaurs (Foffa et al., 2014), and marsupials and fossil placental mammals 97 
(Wroe et al., 2013; Cherin et al., 2014; Sharp, 2014). However, variations exist as to how 98 
detailed the different muscle groups were reconstructed and to what further purpose. 99 
Similarly, reconstructions of postcranial muscles have been created to study dinosaurian 100 
locomotory capabilities (Hutchinson et al., 2005; Persons and Currie, 2011b; Sellers et al., 101 
2013) and feeding behaviour (Snively et al., 2013).  102 
 103 
Methodological approach 104 
 The identification of the muscle attachment sites forms the basis of all digital muscle 105 
reconstructions, regardless of whether they are performed on the cranial skeleton, postcranial 106 
elements, or in invertebrates (Lautenschlager, 2013) (Fig. 2A). Identification is performed 107 
either on the actual specimen (if available) or the digital model; ideally both, as some 108 
(osteological) correlates might only be visible on the physical specimen and vice versa. 109 
Correlates attributable to muscle attachment are usually preserved in the form of distinct 110 
surface features, such as bony ridges and projections, depressions, rugosities, and muscle 111 
scars. Further features constraining not only the position but also the extent of the muscle 112 
attachment may be consulted if present. In this, the digital approach is comparable to 113 
traditional muscle reconstructions (e.g., Dilkes, 1999; Holliday, 2009).  114 
 Following the identification of the muscle attachment sites, the three-dimensional 115 
muscle arrangement can be reconstructed. As the majority of muscles are suspended between 116 
their origin and insertion, a point-to-point connection will allow a simplified visualization of 117 
the muscle topology (Fig. 2B). In most instances, more than one muscle or muscle group 118 
attaches to the skeletal element of interest (e.g., the mandible) and the creation of simplified 119 
muscle connections will provide further constraints on the muscle arrangement. For example, 120 
between three and 10 jaw adductor muscles occupy the cranial skeleton in vertebrates. The 121 
different muscles will have to be accommodated within this bony housing without 122 
intersection, imposing further “packing-constraints”. For the digital reconstruction, this can 123 
mean that muscle attachments might have to be revisited in a recursive approach in order to 124 
produce a compatible muscle arrangement for the simplified muscles represented by point-to-125 
point connections. However, the use of digital models usually permits rearranging these 126 
simplified muscles without too much effort and testing different configurations. The number 127 
of muscles to be reconstructed and hard-tissue constraints depend largely on the anatomical 128 
region and taxonomic group, thereby offering more or less information on the placement and 129 
muscle arrangement. 130 
 Depending on the type of subsequent analysis, the simplified muscle reconstruction 131 
may already be sufficient. For the investigation of muscle strain (Lautenschlager, 2015) (Fig. 132 
2C) or muscle moment arms (Chapman et al., 2010), simplified muscle reconstructions have 133 
been used in the past. Similarly, studies involving multibody dynamics analysis rely largely 134 
on the position and orientation of muscles (Hutchinson et al., 2005; Curtis et al., 2008; 135 
Moazen et al., 2008; Bates and Falkingham, 2012) to calculate kinematic behavior. A similar 136 
approach has been applied for finite element analysis, an engineering technique, which 137 
calculates the magnitude and distribution of stress and strain in geometric objects in response 138 
to loading regimes, such as muscle forces. In the past, these muscle forces have mostly been 139 
applied to individual points (i.e., nodes) of the finite element (FE) models in the form of force 140 
vectors (Rayfield, 2007; Dumont et al., 2009). Information on the location and direction of 141 
these force vectors can be obtained from simplified muscle reconstructions. More recently, 142 
further techniques have been proposed to model muscles wrapping around bone to replicate 143 
actual muscle attachment in FE models (Grosse et al., 2007; Liu et al., 2012). However, this 144 
approach requires data on the three-dimensional muscle morphology. Furthermore, to 145 
calculate different muscle properties (volume, cross-section area, mass) and muscle forces, a 146 
more detailed “fleshed-out” reconstruction is necessary.  147 
 Different approaches exist to create a full muscle reconstruction and these depend 148 
largely on the type of models (surface-based vs tomographic) and the software used. For 149 
tomographic datasets, special segmentation software, such as Avizo (VSG, Visualization 150 
Science Group), Mimics (Materialise), or SPIERS (Sutton et al., 2012) can be used to 151 
increase the diameter of the simplified muscle connections isometrically until connections of 152 
the same muscle merge into another, or until other muscle groups or osteological/hard tissue 153 
boundaries are encountered (Lautenschlager, 2013) (Fig. 2D). This is based on the 154 
assumption that all muscles are increased by the same amount, but this can be adjusted if 155 
further information is available giving precedence of one muscle over the other. For surface-156 
based data, it is possible to virtually sculpt muscles on top of digital skeletal elements, aided 157 
by cross-sectional guides. This method has been used, for example, to model the muscular 158 
components of the tails of different dinosaurs (Persons and Currie, 2011a, b; Persons et al., 159 
2013). This forms the digital analogue to the creation and sculpting of physical (clay or 160 
polymer) models in order to obtain muscle forces (Rayfield et al., 2001; Mazzetta et al., 161 
2009; Blanco et al., 2012). 162 
 The majority of muscle reconstructions are nearly entirely performed on the basis of 163 
preserved hard tissues, which might not be able to provide sufficient information for unusual 164 
muscle morphologies, such as muscle asymmetry, pathway curvature, or tendinous 165 
attachments. Similarly, fascia, tendons, and ligaments are rarely preserved in fossil taxa 166 
(Organ and Adams, 2005; Organ, 2006) but may form an important functional component. It 167 
is therefore advisable to interpret osteological correlates and emanating reconstruction in the 168 
context of living taxa (Fig. 2E). By employing an extant phylogenetic bracket approach 169 
(Witmer, 1995), homologies for muscle position and arrangement can be established. 170 
Furthermore, novel imaging techniques, such as contrast-enhanced CT scanning (Metscher, 171 
2009; Lautenschlager et al., 2014a; Gignac et al., 2016), magnetic resonance imaging (Sharp 172 
and Trusler, 2015), or phase-contrast CT scanning (Walsh et al., 2013b), can provide further 173 
information and comparative data. 174 
  175 
ENDOCRANIAL ANATOMY 176 
Examples 177 
 The study of the endocranial anatomy, including the brain, inner ear, and 178 
neurovascular structures (i.e., nerves, blood vessels), of fossil animals has a long-standing 179 
history in paleontological research (Marsh, 1885; Edinger, 1929; Hopson, 1979; Buchholtz 180 
and Seyfarth, 1999, 2001). Due to the poor preservation potential of soft-tissue structures, 181 
however, early researchers had to rely on a few exceptionally preserved fossil endocasts – 182 
naturally occurring casts of the endocranial cavity, which are partially representative of the 183 
gross anatomy of the brain and associated structures – or to prepare artificial endocasts 184 
through serial grinding or casting techniques (Cunningham et al., 2014). The advent of non-185 
destructive imaging techniques has revolutionized the field of paleoneurology and facilitated 186 
the acquisition and study of digital endocasts (Fig. 1B) to gain insight into brain anatomy, 187 
development, and neurosensory function.  188 
Since one of the first applications of CT to reconstruct the endocranial anatomy of 189 
Tyrannosaurus rex (Brochu, 2000), the increasing availability of CT scanning technology and 190 
processing software has led to a surge of digital endocast reconstructions. In the past decade, 191 
digital endocasts have been created and studied for numerous fossil (and also extant) taxa 192 
across all vertebrate clades, including: jawless (Gai et al., 2011) and ray-finned fish (Giles 193 
and Friedman, 2014), dinosaurs (Witmer and Ridgely, 2009; Lautenschlager et al., 2012), 194 
pseudosuchians (Holloway et al., 2013; von Baczko and Desojo, 2016), crocodilians (Witmer 195 
et al., 2008), fossil flying and marine reptiles (Witmer et al., 2003; Marek et al., 2015), turtles 196 
(Carabajal et al., 2013), birds (Ksepka et al., 2012; Balanoff et al., 2013), mammals (Rowe et 197 
al., 2011; Racicot and Rowe, 2014; Ruf et al., 2016), and hominids (Zollikofer et al., 2005). 198 
These and comparable studies have consequently allowed the characterization of the 199 
endocranial anatomy of individual fossil taxa and provide a steadily increasing anatomical 200 
resource. Furthermore, they have paved the way for large-scale comparative studies, for 201 
example to shed light on the evolution of olfactory acuity in dinosaurs and birds (Zelenitsky 202 
et al., 2011), deducing auditory capabilities in reptiles and birds (Walsh et al., 2009, 2013a), 203 
and brain evolution across the cynodont-mammal transition (Rowe et al., 2011). 204 
 205 
Methodological approach 206 
 Very recently, Balanoff et al. (2015) published a detailed guide on the digital 207 
reconstruction of endocasts and the reader is referred to this work for an in-depth step-by-step 208 
workflow. Here, a general overview on the methodological approach and potential 209 
applications is provided. More details on the tomographic segmentation processes and best 210 
practices can further be found in Abel et al. (2012) and Sutton et al. (2014). 211 
 Since digital endocasts are virtual casts of endocranial cavities enclosed by bone or 212 
cartilage, their reconstruction generally requires a tomographic dataset of the studied 213 
specimen. Although serial grinding methods have been used in the past and are still employed 214 
for specimens with poor internal contrast (Sutton, 2008; Cunningham et al., 2014; Balanoff et 215 
al., 2015), CT scanning is routinely used to obtain the necessary data. For disarticulated or 216 
broken specimens, surface-scanning methods can also be used (with limitations) to 217 
reconstruct parts of the endocranial anatomy (Lautenschlager and Hübner, 2013; Balanoff et 218 
al., 2015). Different approaches exist as to how the endocranial components can be 219 
reconstructed from the dataset. The most common one is the selection of features-of-interest 220 
(e.g., endocranial cavity, bony canals of nerves) in subsequent tomographic slices – a process 221 
known as segmenting or labelling (Fig. 3A). Depending on the quality of the dataset, this can 222 
be done semi-automatically on the basis of a specific greyscale value, which represents the 223 
cranial cavities and separates them from the bony housing. For fossil specimens, however, 224 
this is often not possible where sedimentary matrix has infilled the endocranial cavities and 225 
fossilization processes have remineralized the bone. As a result, the density of the matrix and 226 
(remineralized) hard tissues and their respective grey scale values are often too similar to 227 
define a distinct threshold. In such cases, segmentation has to be performed manually by 228 
tracing the boundary of the features-of-interest. Once the complete dataset or region-of-229 
interest has been segmented, the individual slice labels are used to calculate a 3-D surface 230 
(Fig. 3B, C). A variety of software exists (Cunningham et al., 2014; Balanoff et al., 2015) for 231 
the segmentation and visualization of digital endocasts, ranging from freely available 232 
programs, such as SPIERS (Sutton et al., 2012) and Dristhi 233 
(http://sf.anu.edu.au/Vizlab/drishti/index.shtml), to commercial products, including Avizo 234 
(VSG, Visualisation Science Group), Mimics (Materialise) and VG Studio Max (Volume 235 
Graphics). The programs can differ considerably in the types of segmentation and image 236 
processing tools, import and export capabilities, and visualization quality, and the choice 237 
mostly depends on availability and personal preference.  238 
 239 
OTHER CRANIAL SOFT TISSUES 240 
Examples 241 
 Apart from muscles, the brain, and neurovascular structures, a number of other soft-242 
tissues occupy the cranial skeleton. Of these, not all have been nor can be reconstructed in 243 
fossils as they leave no or only weak osteological correlates. A few examples exist for 244 
various other cranial soft tissue reconstructions. 245 
Cranial pneumatic sinuses are among the most commonly reconstructed structures not 246 
pertaining to musculature or the endocranial anatomy (Fig. 1C). These sinuses represent 247 
pneumatic invasions of air-filled epithelial diverticula, leaving distinct cavities in the bone. 248 
They have been reconstructed for a number of dinosaurian taxa (Kundrát and Janáček, 2007; 249 
Tahara and Larsson, 2011; Gold et al., 2013) and other archosaurs (Witmer and Ridgely, 250 
2008), marine mammals (Racicot and Rowe, 2014), and hominids (Zollikofer et al., 2008). 251 
Similarly, the bony nasal cavity of vertebrates is filled by a number of different soft-252 
tissue structures, such as cartilaginous conchae (turbinates) and epithelia. Although 253 
osteological correlates are rarely preserved, different conchae morphologies have been 254 
reconstructed in an ornithischian dinosaur using information from computational fluid 255 
dynamics modelling (Bourke et al., 2015).  256 
 Further examples include keratinous structures covering bony surfaces, such as beak-257 
like rhamphothecae of theropod dinosaurs. Based on osteological inferences, such keratinous 258 
sheaths have been reconstructed in different theropods (Lautenschlager et al., 2013; 259 
Lautenschlager et al., 2014b; Cuff and Rayfield, 2015). 260 
 261 
Methodological approach 262 
 Due to the variety of different cranial soft-tissues, reconstruction methods differ with 263 
and depending on the type of soft-tissue. The reconstruction process of cranial pneumatic 264 
sinuses is largely comparable to that of the endocranial anatomy. As many pneumatic sinuses 265 
are nearly completely enclosed by bone, tomographic datasets are necessary. An exception 266 
are the sinuses that occupy external regions, such as the antorbital sinus of archosaurs, for the 267 
reconstruction of which surface scans can suffice. Following the digitization (and if necessary 268 
conversion into a tomographic dataset) of the specimen, cavities representing sinuses are 269 
segmented and subsequently visualized. For pneumatic sinuses covering parts of the external 270 
surfaces, boundaries might not be clearly constrained. The recommended approach in these 271 
cases is to create a reconstruction flush with the margins of the surrounding bone structure. 272 
 For soft-tissues covering the external surface of bones, such as keratinous structures, a 273 
similar approach can be applied. Both tomographic and surface-scan datasets can be used, as 274 
no internal features are relevant for the reconstruction. However, this poses another problem. 275 
As surface features only constrain the location and extent of a keratinous sheath, its thickness 276 
and external boundaries are not constrained by hard-tissues. This information has to be 277 
obtained from comparisons with extant taxa forming a phylogenetic bracket. For example, 278 
data on the thickness and arrangement of the rhamphotheca of extant birds can be used to 279 
inform reconstructions in fossils (Soons et al., 2012; Lautenschlager et al., 2013). 280 
 In cases, where preserved hard-tissues do not offer any constraints on the shape and 281 
position of soft-tissues, a hypotheses-testing approach may be applied using computational 282 
models. To reconstruct the morphology and position of conchae within the nasal capsule of 283 
an ornithischian dinosaur, Bourke et al., (2015) used computational fluid dynamics to test 284 
airflow for varying configurations. Different models of conchae, as found in extant taxa, were 285 
created in the 3-D modelling and visualization software Maya (Autodesk Inc.) and their effect 286 
on inspiratory airflow were tested virtually. This allowed the identification of the most likely 287 
morphology and arrangement of the soft-tissue conchae in spite of the absence of osteological 288 
correlates. 289 
 290 
WHOLE-BODY AND LIFE RECONSTRUCTIONS 291 
Examples 292 
As shown above, the majority of soft-tissue reconstructions are focussed on a 293 
particular anatomical structure or skeletal region. However, knowledge on the whole-body 294 
soft-tissue morphology can be necessary to address question about body mass evolution, 295 
locomotory performance, and paleoecology (e.g., Allen et al., 2013; Maidment et al., 2014). 296 
Virtual whole-body reconstructions have been created of placoderms (Béchard et al., 2014), 297 
early tetrapods (Nyakatura et al., 2015), various dinosaurs (Gunga et al., 2007; Hutchinson et 298 
al., 2007; Ősi and Makádi, 2009), fossil birds (Brassey et al., 2016), and mammals (Brassey 299 
and Gardiner, 2015), as well as invertebrates (Garwood and Dunlop, 2014). A large number 300 
of these reconstructions have been created on the basis of complete skeletons in order to 301 
obtain body mass estimates or to investigate locomotory behaviour.  302 
In contrast, digital life reconstructions (Fig. 1D) have been created to provide 303 
hypotheses regarding the appearance of extinct organisms, including fossil cephalopods 304 
(Lukeneder, 2012), stegocephalians (Steyer et al., 2010), and mammals (Cherin et al., 2016). 305 
Although such models are often based on preserved hard-tissues, they include a large degree 306 
of interpretation and artistic license, and are mainly intended to supplement studies rather 307 
than act as the focus of scientific investigation. 308 
 309 
Methodological approach 310 
 Virtual whole-body reconstructions are usually based on digitized skeletons, but can 311 
also be created using two-dimensional images as a template (see Rahman and 312 
Lautenschlager, in review). Due to the large size and number of individual skeletal elements, 313 
digitization is typically performed using surface-based methods such as laser scanning or 314 
photogrammetry (Gunga et al., 2007; Bates et al., 2009; Mallison and Wings, 2014). For 315 
fossil specimens, the digital removal of taphonomic artefacts and rearticulation of elements 316 
might be necessary, before the actual whole-body reconstruction can be performed (Gunga et 317 
al., 2007; Mallison, 2010).  318 
Different methods exist for the subsequent reconstruction of the soft-tissue 319 
morphology. To aid in the reconstruction and to increase accuracy, the digitized model is 320 
usually subdivided into functional units (e.g., skull, torso, limbs). To generate the soft-tissue 321 
outline, simple geometric shapes (spheres, cylinders, ellipses) are superimposed onto each 322 
unit and adjusted to match and envelop the underlying shape of the skeletal elements 323 
(Hutchinson et al., 2007; Bates et al., 2009; Mallison, 2010), often informed by frontal or 324 
sagittal cross-section profiles (Liu et al., 2015). Additional components representing internal 325 
organs, such as lungs and air sacks, can be included to improve subsequent body mass 326 
estimates (Hutchinson et al., 2007; Bates et al., 2009). Similarly, variations of the individual 327 
components may be created to allow for “tight-fitting” or “loose” morphologies in order to 328 
provide minimum and maximum mass estimates.  329 
The calculation of convex hull volumes presents an alternative to the manual 330 
adjustment of the soft-tissue outlines, which inevitably introduces a certain degree of 331 
interpretation into the model (Sellers et al., 2012; see also Brassey, in review). A convex hull 332 
is the smallest polygon, which contains a set of given points. As such a convex hull 333 
represents the minimum volume to envelop predetermined coordinates/points deemed 334 
important in three-dimensional space. As it is based on mathematical calculations, the convex 335 
hull method has the advantage that it can be automated using numerical computing tools such 336 
as MatLab (MathWorks Inc.) and is less prone to personal interpretation. The convex hull 337 
method has been applied to a variety of fossil taxa to provide body mass estimates (Brassey et 338 
al., 2015; Bates et al., 2015; Brassey et al., 2016). 339 
Similar to whole-body reconstructions, life reconstructions are usually based on 340 
digitized fossil specimens. However, unlike the approach for whole-body reconstructions, no 341 
clear sets of standards or best practices have been formulated for the creation of life 342 
reconstructions. However, this is difficult to achieve considering that life reconstruction tend 343 
to be scientifically informed works of art, prone to subjectivity and artistic license. Existing 344 
examples (Steyer et al., 2010; Lukeneder, 2012) have used CAD and 3-D modelling 345 
programs, such as Maya (Autodesk Inc.) and ZBrush (Pixologic Inc.), to create soft-tissue 346 
morphologies. Several details, such as colouration, ornamentation, and the location of soft-347 
tissues, such as the external naris or the eyeball, have been created subjectively, although 348 
results from other studies (e.g., Witmer, 2001; Hieronymus et al., 2009; Vinther, 2015) could 349 
potentially be included to inform future reconstructions. This could add additional value to 350 
life reconstructions as a useful tool for public understanding and outreach. 351 
 352 
LIMITATIONS AND FUTURE DIRECTIONS 353 
 Digital approaches offer a huge potential to reconstruct soft-tissue structures of fossil 354 
organisms. However, their accuracy depends greatly on the presence and quality of preserved 355 
hard-tissues. Taphonomic artefacts, pathologies, ontogeny, and intraspecific variation can 356 
present major challenges during the reconstruction process. In addition, the method used to 357 
digitize specimens and the quality (e.g., scan resolution, model size, digital artefacts) of the 358 
resulting models can affect the ability to identify osteological correlates and other 359 
information necessary for the reconstruction process. It is therefore recommended to obtain 360 
and compare information from physical specimens and the corresponding digital 361 
representations. Furthermore, clear and traceable documentation of the digitization, hard-362 
tissue restorations (if performed), and the soft-tissue reconstruction should be provided so 363 
that other researchers are in a position to evaluate the results or to adjust models, if new 364 
information comes to light. 365 
 In the past, concerns have been raised when reconstructing soft-tissues in fossils 366 
(McGowan, 1979; Brown, 1981; Bryant and Seymour, 1990). Not all soft-tissue structures, 367 
such as muscles, will necessarily leave osteological correlates, whereas other osteological 368 
correlates might not relate to the presence of the presumed soft-tissues (McGowan, 1982; 369 
Nicholls and Russell, 1985). This problem not only pertains to digital reconstruction in 370 
particular, but soft-tissue interpretations in paleontological studies in general. As suggested 371 
above, phylogenetically informed reconstructions making use of extant taxa can help 372 
minimize erroneous identifications (Bryant and Russell, 1992; Witmer, 1995). Similarly, 373 
information obtained from different sources, for example different specimens, analytical 374 
methods, and sensitivity tests can help to constrain and refine soft-tissue reconstructions.  375 
 Further limitations exist for the reconstruction of soft-tissues that are not or only 376 
partially constrained by hard-tissues, as for example the extent and external boundaries of 377 
muscles. Where possible, it is recommended to create such reconstructions flush with the 378 
surrounding hard-tissues to avoid unnatural bulges and extreme morphologies. For some soft-379 
tissues, including the appendicular musculature, this approach can rarely be applied and the 380 
extant phylogenetic bracket approach is recommended here as the best solution. 381 
 Further concern has been raised that digital soft-tissue reconstructions are not reliable 382 
representations of the in-vivo condition (Jerison, 1973). In particular, the relationship 383 
between endocranial casts and the actual brain morphology has been discussed. Due to the 384 
presence of other soft-tissues, such as the dural meninges, vascular structures, and pneumatic 385 
sinuses, a cast of the endocranial cavity might not necessarily represent the actual brain. The 386 
degree to which an endocast reflects brain morphology can vary across different vertebrate 387 
clades (Hopson, 1979; Hurlburt et al., 2013; Balanoff et al., 2015). However, the combination 388 
of novel digital techniques and close comparisons with a range of extant taxa can provide an 389 
important step towards a solution to this problem. By using homologous osteological 390 
correlates, more accurate approximations of anatomical brain regions have been created 391 
(Morhardt et al., 2012). This offers a promising approach for future studies. 392 
 Similarly, the use of biomechanical modelling techniques, such as FEA, MDA, or 393 
CFD, provides future avenues to test soft-tissue reconstructions and competing hypotheses 394 
(e.g., Bourke et al., 2015). The integration of different soft-tissue structures could further be 395 
used to constrain and inform reconstructions. So far, soft-tissue reconstructions have mostly 396 
focussed on individual structures, such as muscles or the endocranial anatomy. However, 397 
using such existing reconstructions could provide additional information when reconstructing 398 
additional features (e.g., three-dimensional models of the cranial musculature can be used to 399 
constrain the position of the eyeball).  400 
 The surge of digital techniques has ushered in a large increase in digital soft-tissue 401 
reconstructions over the past decade. However, to date the largest disadvantages are the 402 
amount of time required to perform digital reconstructions, the financial cost involved to 403 
purchase hardware and software licenses, and the degree of interpretation and subjectivity 404 
introduced into the models due to the often manual approaches. A key prospect for the future 405 
will therefore lie in the automation of reconstructions. Methods, such as convex hull mass 406 
estimates (see above) or the use of geometric morphometrics to restore hominid crania (Gunz 407 
et al., 2009; Gunz, 2015; Senck et al., 2015) have incorporated automation into the 408 
reconstruction process, thereby minimizing individual subjectivity and providing increased 409 
reproducibility.   410 
 411 
CONCLUDING REMARKS 412 
 Detailed knowledge on soft-tissue structures is paramount to understanding the 413 
paleobiology, paleoecology, and phylogeny of fossil organisms. Although rarely preserved, 414 
recent advances in digital imaging and modelling techniques provide versatile tools to 415 
reconstruct different soft-tissue structures. Using the methods presented and reviewed here, it 416 
is possible to reconstruct, for example, the cranial and postcranial musculature of dinosaurs, 417 
the endocranial (brain and inner ear) anatomy of early mammals and their kin, and the body 418 
mass of different tetrapods from whole-body reconstructions. Because such reconstructions 419 
are performed on the basis of preserved hard-tissues, they have nearly exclusively focussed 420 
on vertebrate fossils in the past, although many of the techniques are also applicable to 421 
invertebrate fossils. However, this also means that the quality and accuracy of the 422 
reconstructed soft-tissues depends to a considerable degree on the presence and preservation 423 
of hard-tissues. Consequently, the restoration of osteological-based models and the removal 424 
of preservational artefacts should be performed before any soft-tissue reconstructions are 425 
attempted. To avoid further uncertainties regarding the presence of osteological correlates 426 
and possible homologies, it is recommended that all reconstructions are performed in a 427 
phylogenetically ground framework using an extant phylogenetic bracket approach. Although 428 
some uncertainties and interpretation are inevitably introduced in the reconstruction process, 429 
soft-tissue reconstructions are nevertheless worthwhile as they allow researchers to gain 430 
useful approximations and estimates of fossil properties, which could not be assessed 431 
otherwise. Due to the digital nature of the reconstructions, it is possible to export the 432 
information to other applications (e.g., FEA, MDA) to test different competing hypotheses. It 433 
is anticipated that further technological advances will allow automation of certain steps, 434 
enabling large-scale comparative studies and increased objectivity. 435 
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845 
FIGURE 1.—Digital reconstruction of main cranial soft-tissue structures exemplified by 846 
Tyrannosaurus rex: (A) reconstructed jaw adductor musculature; (B) reconstructed endocranial 847 
components (brain, inner ear, and neurovascular structures) modified from Witmer and Ridgely 848 
(2009); (C) reconstructed paranasal sinuses and associated structures (airway, olfactory, and tympanic 849 
regions) modified from Witmer and Ridgely (2008); (D) life reconstruction based on osteological 850 
model. 851 
 852 
  853 
854 
FIGURE 2.—Different procedures applicable to reconstruct the jaw adductor musculature 855 
exemplified by Tyrannosaurus rex: (A) identification of muscle origins and insertions based on 856 
osteological correlates; (B) simplified muscle reconstruction (“cylinder model”) using point-to-point 857 
connections between corresponding muscle attachments (based on Lautenschlager, 2013); (C) 858 
analysis of muscle strain capabilities (Lautenschlager, 2015); (D) fleshed-out muscle reconstruction 859 
based on cylinder model and topological constraints (based on Lautenschlager, 2013); (E) 860 
comparisons with extant taxa, which are phylogenetically closely related or form an extant 861 
phylogenetic bracket; (F) final muscle reconstruction. 862 
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864 
FIGURE 3.—Digital reconstruction of the endocranial anatomy exemplified by Erlikosaurus 865 
andrewsi: (A) examples of segmented CT slice data of the cranial skeleton of Erlikosaurus andrewsi; 866 
(B) endocranial components in-situ and rendered transparent; (C) reconstructed endocranial 867 
components. 868 
